To elucidate the mechanisms involved in the relaxing effect of 2-amino-4, 4α-dihydro-4α-7-dimethyl-3H-phenoxazine-3-one (Phx-1) on smooth muscle, we investigated its effects on the contraction of both intact and skinned (cell membrane permeabilized) preparations from the guinea pig taenia cecum. In intact preparations, Phx-1 concentration-dependently suppressed the contraction induced by either acetylcholine (ACh) or high-K + with an IC50 value estimated at around 100 µM. Similar inhibitory actions of Phx-1 on force were observed in intracellular Ca store depleted preparations. In cell membrane depolarized preparations in the absence of extracellular Ca, however, Phx-1 had little effect on either caffeine-or ACh-induced contractions. In skinned preparations, Phx-1 suppressed Ca 2+ -induced contractions at concentrations higher than 100 µM. These results suggest that inhibition of smooth muscle contraction by Phx-1 is due mainly to inhibition of Ca 2+ -influx, although Phx-1 also seems to have direct inhibitory effects on the activities of the contractile apparatus.
Introduction
2-Amino-4,4α-dihydro-4α-7-dimethyl-3H-phenoxazine-3-one (Phx-1) is a compound synthesized by the reaction of either human or bovine hemoglobin with 2-amino-5-methylphenol (Tomoda et al., 1992) . Phx-1 has been shown to exert various long term biological effects such as immunosuppressive effects (Akazawa et al., 2002; Gao et al., 2002; and Enoki et al., 2004) , anticancer effects (Mori et al., 2000; Shimamoto et al., 2001; and Nakada et al., 2003) and antiviral activity (Iwata et al., 2003; and Iwata et al., 2005) . Such actions were shown to be exhibited Correspondence to: Dr. Masaru Watanabe, Department of Physiology, Tokyo Medical University, Shinjuku, Tokyo 160-8402, Japan Phone: +81-3-3351-6141 ex. 248 Fax: +81-3-5379-0658 e-mail: masaru@tokyo-med.ac.jp more than several hours after the exposure of cells to Phx-1. On the other hand, in a previous report, we reported that Phx-1 quickly suppressed contraction of the rat aorta and the guinea pig taenia cecum (Musha et al., 2005) . Because the concentration-response relationship of Phx-1 was very similar to that of the contractions induced by high-K + and phenylephrine in the rat aorta ( Fig. 3 of Musha et al., 2005) , it is conceivable that Phx-1 inhibits the processes that are commonly activated by depolarization and receptor-coupled G-protein mediated stimulation. To further determine the sites of the suppressive action of Phx-1 on smooth muscle contraction, in the present study, we investigated the effects of Phx-1 on the mechanical responses of both intact and skinned (cell membrane permeabilized) preparations of the guinea pig taenia cecum.
Materials and Methods
All experimental procedures conformed to the "Guideline Principles of the Care and Use of Animals in the Field of Physiological Science" approved by the Council of the Physiological Society of Japan, and were carried out under the "Rules and Regulation of the Animal Studies Committee of Tokyo Medical University". Male Hartley guinea pigs (200-500 g) were sacrificed under deep anesthesia with diethyl ether and the taenia cecum removed.
Experiments using intact preparations
A muscle layer strip (10-15 mm long, 20-50 µm thick and 1-2 mm wide) was attached to a pair of horizontal tungsten wires, one of which was connected to a tension transducer to measure isometric tension (Sakurai et al., 2003) and then stretched to produce a passive tension of about 30 µ N i n P S S [ p h y s i o l o g i c a l s a l i n e s o l u t i o n ; 1 5 0 m M N a C l , 4 m M K C l , 2 m M C a (methanesulphonate)2, 1 mM Mg (methanesulphonate)2, 10 mM glucose, and 5 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulphonic acid (HEPES), and pH adjusted with Tris to 7.40 at 25°C]. Ca-free PSS was prepared by replacing Ca (methanesulfonate)2 with Mg (methanesulphonate)2 in the PSS. The preparations were equilibrated in PSS (at 35°C, pH 7.4) for at least 30 min, then Ca-free PSS was applied to cease spontaneous contraction of the preparation for about 2 min. In PSS, after the tension of the preparation reached a resting level (resting tension), a high concentration K + solution [55 mM K + prepared by equimolar substitution of NaCl
not too high] was applied to induce control contraction. After the tension reached the maximal level, the preparation was once again immersed in PSS for 15 min followed by Ca-free PSS application for 2 min to cease spontaneous contraction in the presence or absence of Phx-1. Then the preparations were activated with 55 mM K + or PSS with 20 µM acetylcholine (ACh) in the absence or presence of Phx-1 (test contraction).
Experiments using skinned preparations
In some preparations, cell membranes of the preparations were chemically permeabilized to test the direct effects of Phx-1 on the contractile apparatus. The skinning (cell membrane permeabilization) procedure is described elsewhere (Sakurai et al., 2003; Watanabe et al., 2003; and Yoshino et al., 2005 for skinned preparations were prepared according to the method of Horiuti (1989) . Solutions of various Ca 2+ concentrations were prepared by mixing the relaxing solution that contained 10 mM EGTA and the solution for maximal contraction that contained 10 mM EGTA and 10 mM Ca(methanesulfonate)2 in the appropriate proportion with addition of 1 µM calmodulin (Yoshino et al., 2005) . The ionic strength was kept at 200 mM by adjusting K (methanesulfonate) concentration, and pH was set with 20 mM 1,4-piperazine-bis(2-ethanesulphonic acid) (PIPES) and KOH to 7.0 at 25°C. All solutions contained, in common, 0.85 mM free Mg 2+ , 1.0 mM MgATP, and 2 mM creatine phosphate; these values were chosen based on those measured in intact taenia cecum (Tashiro and Konishi, 1997; Nakayama and Clark, 2003) . The apparent dissociation constant of Ca 2+ -EGTA was assumed to be 10 6.4 M -1 .
Data analysis
The developed tension levels of the test contraction in intact preparations were expressed as; relative tension = (an observed tension of the test contraction -the resting tension)/(the maximal tension of the control contraction -the resting tension).
To estimate Phx-1 concentration for half maximal active tension inhibition (IC50), data were fitted to a Hill equation using the Levenberg-Marquardt algorithm: concentration for the half maximal active tension generation.
Chemicals
Phx-1 (MW: 242) was prepared as described previously (Tomoda et al., 1992) , and was dissolved in physiological saline solution (PSS) from a 20 mg/ml stock solution in dimethylsulfoxide (DMSO, Sigma). The final concentration of DMSO in the test solutions was adjusted to 0.7%, which did not affect the tension measurements in either the intact or skinned preparations. ACh and bovine calmodulin were purchased from Wako Pure Chemical Co. Ltd.
(Osaka, Japan). All chemicals were of reagent grade.
Statistical analysis
Results are presented as means and standard error (SEM). Statistical hypotheses on the differences between means were tested with Student's t-test for paired samples. The null hypotheses were rejected when P was less than 0.05. Figure 1 shows typical tension traces measured from intact taenia cecum strips of the guinea pig. Addition of either 55 mM KCl or 20 µM ACh (not shown) to the PSS induced a transient increase in tension that reached a peak in approximately 2 min and which then decayed slightly to reach a steady maintained level. Phx-1 significantly suppressed both the peak tension and the following maintained tension in a concentration-dependent manner, irrespective of the stimulus that triggered the contraction (cell membrane depolarization by high-K + or muscarinic receptor stimulation by ACh; Fig. 2) . IC50 values estimated for the peak tension and the maintained tension were, respectively, 100 µM and 63 µM in 55 mM K + -contraction, and 83 µM and 73 µM in ACh-induced contraction. These results confirmed our previous findings that Phx-1 is a smooth muscle relaxant (Musha et al., 2005) .
Results

Effects of Phx-1 on intact preparations
Phx-1 effects on the contraction of intracellular Ca stores-depleted preparations
Next, we tested whether Phx-1 affected the contraction of intracellular Ca store-depleted preparations. To deplete intracellular Ca store, the preparations were treated with the Ca ionophore A23187 (Sigma) at a concentration of 5 µM for 15 min. It has been suggested that 35°C.
A23187 at a concentration of several µM permeabilizes the intracellular Ca stores without markedly affecting the cell membrane of smooth muscle (Ito et al., 1985) . In fact, after A23187 treatment, caffeine did not elicit tension development as a result of Ca store depletion in taenia cecum preparations (data not shown). In these preparations, Phx-1 strongly suppressed both the peak tension and the following maintained tension of either 55 mM K + -induced or AChinduced contractions at a concentration of 80 µM or higher (Fig. 3) . Estimated IC50 values at the peak tension and the maintained tension were respectively 135 µM and 12 µM for the 55 mM K + -contraction and 177 µM and 145 µM for the ACh-induced contraction.
Phx-1 effects on the contraction of smooth muscle in the absence of extracellular Ca
To determine whether Phx-1 directly affects Ca 2+ release from intracellular Ca storage sites, we investigated the effects of Phx on contractions in the absence of extracellular Ca. To keep the cell membrane potential constant, and to fill the intracellular Ca stores with Ca, we first applied 55 mM K + with 2 mM Ca. After evoking a K + contracture with this solution, it was replaced with a high-K + , Ca-free solution for 2 min before application of either 20 µM ACh or 25 mM caffeine in 55 mM-K + , Ca-free PSS. ACh or caffeine still induced a transient contraction. This result was very similar to that reported in the guinea pig portal vein (Bond et al., 1984) , where it was proposed that Ca 2+ -release from the intracellular Ca stores in a voltage independent manner appeared to have caused the transient contraction. Phx-1 had little effects on the caffeineinduced transient contraction and the ACh-induced transient contraction (Fig. 4) . No significant inhibition was observed, although Phx-1 suppressed the contraction in a few samples (data not shown). 
Phx-1 effects on the Ca 2+ -induced contraction in skinned preparations
To examine the direct action of Phx-1 on the contractile apparatus, we studied the effects of Phx-1 on the Ca 2+ -induced contraction in skinned preparations. In all Ca 2+ -concentrations examined, Phx-1 inhibited Ca 2+ induced contraction at 250 µM, but lower concentrations of Phx-1 did not (Fig. 5) . Data fitting to the Hill's equation showed that 250 µM Phx-1 significantly inhibited Fmax, without changing the Hill coefficient n and [Ca 2+ ]50 (Table 1) . None of these parameters were significantly altered with 80 µM Phx-1 (Table1).
Discussion
In comparison with the slow effects of the drug which occur more than 12 hours after the exposure of cells to Phx-1 (Akazawa et al., 2002; Gao et al., 2002; Enoki et al., 2004) , both our previous (Musha et al., 2005) and present results indicate that Phx-1 exhibits its relaxing effects on smooth muscle within a few minutes, and can thus be characterized as fast effects.
In the present study, our focus has been to determine the sites of Phx-1 action in smooth muscle contraction by comparing its effects on the active tension generation under various experimental conditions. Since the concentration-response relationship for Phx-1 was very similar for contractions induced by both high-K + and ACh in the taenia cecum of the guinea pig (Fig. 3) , as previously reported for the rat aorta (Musha et al., 2005) , it is likely that Phx-1 inhibits the processes that are commonly activated by depolarization and receptor-coupled Gprotein mediated stimulation. Possible sites of action include Ca 2+ influx pathways, Ca 2+ release from intracellular stores, phosphorylation/dephosphorylation of myosin light chains, as well as interaction between actin and myosin directly. Among these possibilities, the present results indicate that Ca 2+ influx pathways are the main target of the inhibitory effects of Phx-1 on the contraction, for the reasons described below. Firstly, Phx-1 inhibited both K + contracture and ACh-induced contraction even after intracellular Ca stores were depleted (Fig. 3) ; it is thought that, in these preparations, a transient increase in intracellular Ca 2+ concentration following application of 55 mM K + or ACh is caused by Ca 2+ influx through the cell membrane.
On the other hand, Phx-1 had little effect on the active tension generation induced by Ca 2+ -release from the intracellular Ca store sites stimulated with caffeine or ACh (Fig. 4) , indicating that Phx-1 hardly inhibited Ca 2+ release from the intracellular store sites. In a few preparations, Phx-1 seemed to have a weak suppressive effect on the active tension development, however. This observation could be explained as the result of weak direct inhibitory effects of Phx-1 on the contractile apparatus. Secondly, Phx-1 suppressed the Ca 2+ -induced contraction in skinned (cell membrane permeabilized) preparations (Fig. 5) , but only at concentrations much higher than those required to inhibit contraction of intact preparations (Figs. 1, 2 and 3), suggesting that the inhibition of the ACh-induced contraction and 55 mM K + -contraction by Phx-1 in intact preparations are mainly due to inhibition of intracellular Ca 2+ concentration rather than contractile apparatus function. In particular, as Phx-1 did not change the [Ca 2+ ]50 and the Hill coefficient n, indices of the Ca 2+ sensitivity for the force, Phx-1 seems to have little effect on the regulatory mechanisms of myosin light chain phosphorylation other than intracellular Ca 2+ regulation. A small reduction of Fmax by a very high concentration of Phx-1 (250 µM) suggests that Phx-1 has weak but direct interfering effects on the actin-myosin interaction.
In conclusion, Phx-1 seems to inhibit contraction of intact smooth muscle from the guinea pig taenia cecum mainly due to inhibition of Ca 2+ -influx through the cell membrane. Further studies using electrophysiological techniques will be required to further characterize the inhibitory mechanisms of the Ca 2+ -influx pathways by Phx-1.
